Abstract Vascular endothelial cells that are in direct contact with blood flow are exposed to fluid shear stress and regulate vascular homeostasis. Studies report endothelial cells to release ATP in response to shear stress that in turn modulates cellular functions via P2 receptors with P2X4 mediating shear stressinduced calcium signaling and vasodilation. A recent study shows that a loss-of-function polymorphism in the human P2X4 resulting in a Tyr315>Cys variant is associated with increased pulse pressure and impaired endothelial vasodilation. Although the importance of shear stress-induced Krüppel-like factor 2 (KLF2) expression in atheroprotection is well studied, whether ATP regulates KLF2 remains unanswered and is the objective of this study. Using an in vitro model, we show that in human umbilical vein endothelial cells (HUVECs), apyrase decreased shear stress-induced KLF2, KLF4, and NOS3 expression but not that of NFE2L2. Exposure of HUVECs either to shear stress or ATPγS under static conditions increased KLF2 in a P2X4-dependent manner as was evident with both the receptor antagonist and siRNA knockdown. Furthermore, transient transfection of static cultures of human endothelial cells with the Tyr315>Cys mutant P2X4 construct blocked ATP-induced KLF2 expression. Also, P2X4 mediated the shear stress-induced phosphorylation of extracellular regulated kinase-5, a known regulator of KLF2. This study demonstrates a major physiological finding that the shear-induced effects on endothelial KLF2 axis are in part dependent on ATP release and P2X4, a previously unidentified mechanism.
Introduction
The endothelium is a dynamic structure, and its dysfunction is critical to the pathophysiology of cardiovascular disease states such as atherosclerosis and thrombosis. Endothelial cells in the intimal layer of the vessel wall are constantly exposed to shear stress, the mechanical force generated by laminar blood flow [1] . Experimental observations support the role of endothelial cells in mediating shear-induced mechanotransduction thus enabling the physiological regulation of vascular tone, permeability, blood coagulation and arteriogenesis [2] [3] [4] [5] . This regulation is mediated by the mechanically stimulated release of potent endothelial-derived vasoactive factors [6] [7] [8] [9] [10] [11] . Extracellular ATP released from endothelial cells during blood flow is an important factor that modulates cellular functions including vasodilation and maintenance of vascular tone via activation of P2X and P2Y receptors [8, 12, 13] . The mammalian P2X receptor family comprises of seven subtypes (P2X1 to P2X7) that function as ATP-gated ion channels [14, 15] . The P2X4 receptor is the most highly expressed subtype in endothelial cells and is involved in flow as well as ATP-induced calcium influx [9, 16, 17] . In fact, P2RX4
−/− mice lack normal vascular endothelial function, with aberrant calcium fluxes and nitric oxide levels [18] . In addition, cardiac-specific transgenic overexpression of P2X4 receptors in mice resulted in enhanced cardiac function and in rescue of ischemic heart failure [19] . Furthermore, the inheritance of a single nucleotide polymorphism (SNP), rs28360472, creates a Tyr315>Cys (Y315C) variant in the human P2X4 receptor that results in disruption of the agonist-binding site and loss of receptor function. The presence of this SNP correlated with increased pulse pressure as well as with impaired endothelium-dependent vasodilation [20] . These findings suggest the importance of the P2X4 receptors in the physiological functions of the vascular endothelium.
Depending on the structure of the blood vessel, the blood flow patterns vary from uniform laminar atheroprotective flow in unbranched arteries to disturbed turbulent, atheroprone flow patterns at bifurcations of branched arteries [21] . The in vitro model of cultured endothelial cells allows the use of defined flow patterns (atheroprotective vs. atheroprone), simulating those present in vivo, and has helped in identifying biomechanically responsive transcriptional activators and repressors [22] [23] [24] . Well-documented evidence demonstrates enhanced expression of members of the Krüppel-like factor (KLF) family, particularly KLF2 and KLF4, in vascular endothelial cells exposed to laminar shear stress [25] [26] [27] [28] [29] [30] [31] . These KLF transcription factors are key regulators of endothelial function promoting vascular homeostasis and conferring an atheroprotective phenotype both in vitro and in vivo [28, 31] . Reports have shown shear-induced KLF2 and KLF4 expression in endothelial cells, with distinct but overlapping roles in the vasculature including the induction of endothelial nitric oxide synthase (NOS3) and thrombomodulin (THBD), and attenuation of vascular cell adhesion molecule-1 expression [4, [25] [26] [27] . While KLF2-null mice are embryonically lethal characterized by embryonic hemorrhaging [32] , mice with endothelialspecific deficiency of KLF4 were susceptible to atherothrombosis [31] . However, understanding the different shear-induced mechanisms regulating their expression remains to be explored.
Vascular homeostasis is governed by a fine interplay between the endothelial cells and shear stress. Although flowinduced KLF2 and KLF4 expression is well studied, whether extracellular ATP is involved in the regulation of these transcription factors by laminar shear stress in endothelial cells remains unknown. To address this, we studied the effects of steady laminar shear stress and ATP focusing on endothelial KLF2 using an in vitro orbital shaker model of human umbilical vein endothelial cells (HUVECs).
Materials and methods

Reagents
Basal Medium 200 was supplemented with 10 % fetal bovine serum, 3 ng/ml basic fibroblast growth factor, 10 μg/ml heparin, 1 μg/ml hydrocortisone, 10 ng/ml human epidermal growth factor, gentamycin, and amphotericin (Life Technologies, USA). High capacity complementary DNA (cDNA) reverse transcription kit, TaqMan® assays and master mixes, Lipofectamine® RNAiMAX transfection reagent, OPTI-MEM, ProLong® gold antifade mounting medium, and Silencer Select siRNA for P2X4 and P2Y 2 were all obtained from Life Technologies, USA. QIAzol lysis reagent, and miRNeasy® mini kit were from Qiagen, USA. 2MeSADP, UTP, ATPγS, ivermectin, and apyrase were obtained from Sigma, USA. Prof. Christa Müller (University of Bonn, Germany) provided P2X4 and P2Y 2 receptor antagonists.
Cell culture
Pooled HUVECs from multiple donors and human aortic endothelial cells (HAECs), both from Life Technologies, USA, were used between passages 1-4. These cells were cultured in Medium 200 supplemented with 10 % fetal bovine serum, 3 ng/ml basic fibroblast growth factor, 10 μg/ml heparin, 1 μg/ml hydrocortisone, 10 ng/ml human epidermal growth factor, gentamycin, and amphotericin on dishes coated with attachment factor (0.1 % gelatin). The static ("no shear stress") cultures of both HUVECs and HAECs were exposed to 200 μmol/L ATPγS for 3 h. In addition, static HUVEC cultures were exposed to 10 μmol/L 2MeSADP or 100 μmol/L UTP for 3 h. For shear stress experiments, HUVECs (300-700 cells/mm 2 ) were cultured in the peripheral area of the in vitro fertilization (IVF) dishes (BD Biosciences).
Shear stress model
Uniform shear stress was achieved using the orbital shaker model and the IVF dish with HUVECs restricted to the peripheral area similar to previous studies [23, 24] . Cultures were synchronized for 24 h in 0.5 % FBS media and subsequently switched to 10 % FBS media prior to the shear stress experiments. A shear stress of 0. ) is the shear stress, a is the radius of rotation (9.5 mm), ρ is the density of the cell culture medium (1000 kg/m 3 ), η is the viscosity of the cell culture medium (1.01×10 −3 Pascal-second), and f is the frequency of rotation (1.93 Hz for 0.1 Pa and 3.55 Hz for 1 Pa of shear stress).
HUVECs from the same passage cultured under static conditions were used as control. The pre-calculated maximal wall shear stress of 1 Pa applied to the cells is within the range of physiological arterial blood flow (~0.6-4 Pa).
In this study, we used the P2X4 receptor-specific antagonist, PSB-12253. The determination of its inhibitory activity at P2X receptor subtypes was performed in calcium influx assays as previously described [33] . Cells were exposed to either shear stress or to ATPγS (200 μmol/L) under static conditions in the presence or absence of PSB-12253 (1 μmol/L), which was added 60 min prior to the addition of the agonist and/or shear stress experiments. In addition, cells were subjected to shear stress in the presence or absence of apyrase (2 U/ml) for the indicated time points of 6, 24, or 48 h. In experiments with static cultures, cells were exposed to 3 μmol/L ivermectin, an allosteric modulator of the P2X4 receptor, for 20 min prior to the addition of ATPγS.
Flow cytometric analysis
A total of 1×10 6 HUVECs were fixed with 2 % paraformaldehyde for 15 min at 4°C, washed with cold PBS, and stained with anti-P2X4 antibody that recognizes an extracellular epitope (Alomone Labs, Israel) at 1:100 dilution for 1 h on ice. The cells were then incubated with Alexa 488-conjugated donkey anti-rabbit IgG (Life Technologies, USA) at 1:500 dilution for 1 h on ice. Isotype IgG (rabbit IgG; Cell Signaling Technology, USA) was used as a negative control, and for antibody specificity, the antibody was blocked with the corresponding control antigen for 1 h prior to addition to the cells. FACS was performed using Accuri C6 (BD Biosciences), and a total of 30,000 events were collected in the gated population that excluded debris and aggregates.
RNA isolation and reverse transcription-PCR analysis
Cells were harvested and total RNA was isolated using QIAzol either after 3 h (for the agonist-treated static cultures) or after 6, 24, and 48 h for cultures subjected to shear stress. The total RNA was purified using the miRNeasy® mini kit, and first-strand cDNA was synthesized from 1 μg of RNA using a high capacity cDNA reverse transcription kit. Negative controls with no template and no reverse transcriptase enzyme were also included. Real-time PCR was performed using the ABI StepOnePlus instrument as per manufacturer's instructions. TaqMan® assays were used to measure mRNA expression of P2X4, P2Y 2 , KLF2, KLF4, nuclear factor (erythroid-derived 2) like-2 (NFE2L2), and NOS3, which were normalized to the housekeeping genes PPIA and 18S.
siRNA-mediated knockdown
The HUVECs were seeded to achieve a confluency of 70-80 % on the day of transfection. The siRNA at a final concentration of 10 nM/L was incubated with Lipofectamine® RNAiMAX reagent in OPTI-MEM at room temperature for 20 min to form complexes, and then added to the cells cultured in media containing 3 % FBS without antibiotics. At 24 h post-transfection, the culture media was replenished with fresh media (3 % FBS). The cells were either subjected to shear stress for 6 h or exposed to ATPγS for 3 h and harvested for RNA and protein at 48 and 72 h post-transfection, respectively.
Transient transfection
HUVECs and HAECs at 70-80 % confluency were used for transfections. The wild-type (WT) and Y315C mutant P2X4 constructs [20] (1 μg) were incubated with Transfex reagent (ATCC, USA) in OPTI-MEM at room temperature for 15 min to form complexes, and then added to the cells for 24 h before replacing with regular growth media without antibiotics. At 48 h post-transfection, the cells were exposed to ATPγS for 3 h and harvested for RNA analysis.
Immunoblot analysis
For immunoblotting, protein was extracted from cells using ice-cold Nonidet P-40 lysis buffer (50 mmol/L Tris-HCl (pH 7.5), 1 mmol/L EGTA, 1 mmol/L EDTA, 1 mmol/L sodium orthovanadate, 10 mmol/L sodium-β-glycerophosphate, 50 mmol/L sodium fluoride, 5 mmol/L sodium pyrophosphate, 1 mmol/L dithiothreitol (DTT), 1 % (w/v) Nonidet P-40, and 270 mmol/L sucrose) with complete protease and phosphatase inhibitor (Roche, USA) mixture. Lysates were centrifuged at 14,000×g for 15 min at 4°C, and the protein concentration was determined using Micro-BCA protein assay kit (Thermo Scientific, USA). The total cell lysates were heated at 95°C for 5 min in lauryl dodecyl sulfate sample buffer. Total protein (10-15 μg) was resolved on precast NOVEX 4-12 % Bis-Tris gels (Bio-Rad Laboratories, USA) and transferred onto nitrocellulose membranes. The membranes were blocked for 1 h at room temperature in 50 mmol/L Tris-HCl (pH 7.6), 137 mmol/L NaCl, and 0.2 % (w/v) Tween 20 (TBS-T) containing either 5 % (w/v) nonfat dried milk or 3 % (w/v) protease-free BSA followed by overnight incubation at 4°C with the following antibodies in TBS-T containing 5 % (w/v) protease-free BSA-anti-KLF2 (Millipore, USA), anti-P2X4 antibody that recognizes an intracellular epitope (Alomone Labs, Israel), anti-phosphoextracellular regulated-kinase (ERK5) (Thr218/Tyr 220), total ERK5, and anti-β-tubulin (all from Cell Signaling Technology, USA), anti-eNOS and anti-phospho-eNOS (S1177) (BD Biosciences, USA). To test the specificity of P2X4, the anti-P2X4 antibody was pre-adsorbed using the corresponding control antigen (Alomone Labs, Israel). The bands were visualized by enhanced chemiluminescence using horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology, USA). Images were acquired with LI-COR Odyssey® Fc dual-mode imaging system, and the band intensities were quantified using the Image Studio™ software. While the phosphorylated protein was normalized to the respective total protein levels, the rest were normalized to β-tubulin. Changes in protein levels are depicted as relative to the control condition.
Immunocytochemistry HUVEC cultures after exposure to 3 h ATPγS and 6 h shear stress were washed once with 1× phosphate buffered saline (PBS) and fixed with ice-cold 4 % paraformaldehyde for 20 min at room temperature. They were then washed once and permeabilized with 0.25 % Triton-X 100 in PBS for 15 min at room temperature. Subsequent to washes, they were incubated in anti-KLF2 primary antibody (R&D Systems, USA) overnight at 4°C in a humidified chamber. The following day, the cells were washed three times in PBS and incubated in the Northern Lights ™ anti-mouse-NL567 secondary antibody (R&D Systems, USA) for 2 h at room temperature in the dark. Finally, the cells were stained with ActinGreen ™ 488
and NucBlue® Ready Probes (Molecular Probes, USA) as per the manufacturer's protocol. The cells on coverslips were mounted with ProLong® gold antifade (Life Technologies, USA) and left to cure overnight. Images were visualized in an Olympus BX60 (Olympus, Tokyo, Japan) epifluorescence microscope and acquired using a Nikon DS-2Mv camera (Nikon, Tokyo, Japan).
Statistical analysis
All data are expressed as mean±standard error (s.e.m.). Statistical analysis (Graphpad Prism software) was performed using unpaired Student's t test when comparing two situations, or one-way analysis of variance (ANOVA) with Bonferroni correction for multiple comparisons with p values ≤0.05 regarded as statistically significant.
Results
Validation of the in vitro orbital shaker model of shear stress Shear stress resulting from blood flow regulates vascular endothelial phenotype, homeostasis, and gene expression [23, 34, 35] . Vascular endothelial cells are known to express P2 receptors with P2X4 being the most abundantly expressed subtype [9, 16, 17, 36] . HUVECs have been extensively used as an in vitro model to study endothelial cell function and atheroprotection [37] [38] [39] [40] . We first evaluated the protein expression of the P2X4 receptor in these cells using FACS and immunoblotting. FACS analysis of HUVECs stained with the anti-P2X4 antibody recognizing an extracellular epitope showed P2X4 protein expression (Fig. 1a) and the preadsorption with the corresponding control antigen showed the antibody specificity (Fig. 1b) . Additionally, immunoblotting of HUVEC total cell lysates with a P2X4 antibody that recognizes an intracellular epitope confirmed this result (Fig. 1c) . The human monocytic cell line, THP-1 known to express P2X4 [41] [42] [43] served as a positive control (Fig. 1c) . Next, to test our hypothesis that shear stress and ATP regulates KLF2 via P2X4 receptors, we used the orbital shaker model of laminar shear stress, wherein the HUVECs were cultured in an IVF dish and subjected to a pre-calculated shear stress of 0.1 or 1 Pa. This model creates an orbital rotation of the culture medium over the HUVEC monolayer in the outer ring or peripheral area of the IVF dish, thus ensuring a uniform shear stress on the cells. Throughout the study, we refer to "no shear stress condition" as "static". When HUVECs were subjected to a shear stress of 0.1 Pa for 48 h, we did not observe any changes in cell alignment (Fig. 2a) or in transcript levels of P2X4 (Fig. 2b) or KLF2 (Fig. 2c) . However, similar to previous reports [23, 24] , the HUVECs in the IVF dish subjected to shear stress of 1 Pa were elongated and aligned in the direction of flow as early as 3 h as opposed to the cobblestone morphology observed under static conditions (Fig. 2d) . Since we were interested in studying the atheroprotective effects, the shear stress of 1 Pa was used for the subsequent experiments. Time course experiments showed shear stress to decrease P2X4 ( Fig. 2e; 2 .6±0.08-fold decrease; p<0.0001) and increase KLF2 transcript levels ( Fig. 2f; 14 .1±1.1-fold, p<0.0001) as early as 6 h. We also observed shear stress to decrease P2X4 protein ( Fig. 2g ; 21±1.8 %; p=0.008) and increase KLF2 protein at 6 h ( Fig. 2h; 6 .5±0.8-fold; p= 0.0006) with the latter being stabilized at 24 h as evident by the nuclear staining (Fig. 2i) . Furthermore, 6 h of shear stress increased P2Y 2 (Supplementary Fig. 1A ; 3.5 ± 0.4-fold increase; p=0.002), KLF4 (Supplementary Fig. 1B ; 58.3± 8.5-fold; p=0.003), THBD (Supplementary Fig. 1C ; 13±1.5-fold; p=0.008), NOS3 (Supplementary Fig. 1D ; 8.5±1.4-fold; p<0.0001), and NFE2L2 (Supplementary Fig. 1E ; 1.8±0.5-fold; p=0.003) transcript levels. Shear stress also resulted in increased phosphorylated eNOS (S1177) ( Supplementary  Fig. 1F ). These findings are consistent with prior studies.
Extracellular ATP modulates KLF2 in HUVECs
It is well documented that shear stress is implicated in the release of ATP from endothelial cells [8, 9] that in turn exerts its effects through ligand-gated P2X and G protein-coupled P2Y receptors. To investigate whether the extracellular ATP modulates shear stress-induced KLF2 in the HUVECs, we used apyrase (2 U/ml), which is shown to hydrolyze extracellular ATP and inhibit flow-induced calcium responses in a P2X4-dependent manner [9] . Shear stress time course experiments, in the presence or absence of apyrase, showed a decrease of KLF2 transcript levels (Fig. 3a) at 6 h (38.7± 13.5 %; p=0.0003), and 48 h (73.4±2.4 %; p=0.006) with a trend towards a decrease at 24 h (51.9±4.7 %; p=0.08). Similar to KLF2, KLF4 ( Fig. 3b; 42.5±9.6 %; p=0.022) and NOS3 ( Fig. 3c ; 83.7±5.2 %; p=0.0008) were significantly reduced by apyrase at 48 h of shear stress. The effect of apyrase was not common to all shear stress-induced genes that we tested as it had no significant effect on NFE2L2 although there was a trend towards a decrease at 48 h ( Fig. 3d; 18 .6±4.2 %; p=0.08).
Studies have shown HUVECs to express several different P2 receptors [9, 16, 17, 44] with P2X4 in HUVECs [18] and P2Y 2 in different cell types [16, 45] being implicated in mechanotransduction. We, therefore, exposed the cells to the purinergic agonists (200 μmol/L ATPγS, 10 μmol/L 2MeSADP, and 100 μmol/L UTP) to examine their role in regulating KLF2. The non-hydrolyzable analog of ATP, ATPγS, increased KLF2 transcript levels at 3 h ( Fig. 4a; 5 .1 ±0.4-fold; p<0.0001). In order to validate this finding in an endothelial cell of arterial origin, we repeated this experiment in HAECs and observed a significant increase (1.6±0.03-fold; p=0.004; Supplementary Fig. 2 ) in ATPγS-induced KLF2.
P2X4-specific antagonist and siRNA inhibit ATPγS-induced KLF2 in HUVECs
We used a P2X4 receptor-specific antagonist ( Supplementary  Fig. 3 ), PSB-12253 (1 μmol/L), in static HUVEC cultures, in the presence or absence of ATPγS, and observed an inhibition of KLF2 ( Fig. 4b; 62 .3±9.7 %; p=0.017 and Fig. 4c ) expression. To confirm the role of P2X4 in the regulation of KLF2 expression, we performed siRNA knockdown of the receptor in the HUVECs. As a control, HUVECs were transfected with scrambled siRNA (negative control siRNA). P2X4 mRNA was significantly decreased in both static cultures (86±3 %; p=0.002; Fig. 5a ) and under shear stress conditions (79± 2.5 %; p<0.0001; Fig. 5b ) when transfected with P2X4-specific siRNA. Similarly, the P2X4 siRNA decreased protein expression in static cultures (62.3±3.4 %; p<0.0001; Fig. 5c ) Fig. 1 HUVECs express P2X4 receptors. Flow cytometric analysis of HUVECs using an anti-P2X4 antibody recognizing an extracellular epitope shows these cells to express P2X4 receptors (a; in red) and preadsorption of the antibody with the corresponding antigen shows antibody specificity (b;
as well as in cells subjected to 6 h of shear stress (43.4±9 %; p=0.0007; Fig. 5d) . Furthermore, the knockdown of P2X4 receptor in static cultures inhibited ATPγS-induced KLF2 expression ( Fig. 6a ; 34±8.7 %; p=0.03 and Fig. 6b ) thus confirming our observations with the receptor antagonist.
P2X4 receptor mediates shear stress-induced KLF2
We next examined if shear stress-induced KLF2 is dependent on the P2X4 receptor. Indeed, PSB-12253 reduced shear stressinduced KLF2 (Fig. 7a; 31 .1±6.1 %; p=0.002) with NOS3 mRNA showing a trend towards a decrease at 6 h (data not shown). To confirm that this effect is dependent on P2X4, HUVECs were first transfected with P2X4 receptor-specific siRNA and then subjected to shear stress for 6 h. Knocking down P2X4 resulted in a decrease in shear stress-induced KLF2 mRNA when compared to the negative control siRNA ( Fig. 7b and c ; 44±6 %; p<0.0001).
To further confirm the role of P2X4 in shear stress-induced KLF2, the transfected HUVECs were additionally exposed to PSB-12253 or apyrase under shear stress conditions. Both PSB-12253 ( Fig. 7b; 25 .2±3.7 %; p=0.003) and apyrase ( Fig. 7c; 43.4±8.7 %; p=0.0002) independently reduced KLF2 mRNA in cells transfected with the negative control siRNA similar to that Actin cytoskeleton and nucleus were stained with ActinGreen™-488 and NucBlue®, respectively. White arrows in a, d, and i indicate the direction of flow. N=3-6 experiments each in replicates; *p≤0.05. Scale bar, 20 μM seen in non-transfected HUVECs. However, we did not observe any additive effect when the same experiment was repeated in the presence of P2X4 siRNA (PSB-12253: Fig. 7b ; 24.1±9.6 %; p=0.17; apyrase: Fig. 7c ; 30.8±3.5 %; p=0.33). In addition, transfection of HUVECs with P2X4 siRNA decreased shear stress-induced KLF2 protein ( Fig. 7d ; 21±4.7 %; p=0.007). Furthermore, while the knock down of P2X4 resulted in a significant decrease in KLF4 (Supplementary Fig. 4A ; 43.5± 5.3 %; p=0.03) and THBD mRNA (Supplementary Fig. 4B ; 27.7±5.8 %; p=0.004), we only observed a trend towards a decrease in NOS3 (Supplementary Fig. 4C ; 18.9±7.5 %; p= 0.25). The fact that ATP also activates P2Y 2 receptors, which is well in line with our observations that shear stress increases P2Y 2 mRNA in the HUVECs (Supplementary Fig. 1A ), prompted us to examine if P2Y 2 receptor mediates shear stress-induced KLF2. However, the P2Y 2 -specific antagonist, AR-C118925 (10 μmol/L) [46, 47] (Supplementary Fig. 5A ; 17.7±18.1 %; p=0.56) and the P2Y 2 -specific siRNA (Supplementary Fig. 5B ; 17.8±7 %; p=0.06) had no significant effect on shear stressinduced KLF2.
In a previous study, Kessler et al. demonstrated that shear stress mimics the effects of ivermectin, which is supported by other studies reporting ivermectin to allosterically induce sustained signaling resulting in prolonged and repetitive ATP stimulation [48] [49] [50] [51] . We therefore tested if ivermectin modulates P2X4 receptor and thereby ATP-induced KLF2 expression in static cultures. As earlier shown in Fig. 4 , ATPγS increased KLF2 in static cultures as early as 3 h, but this effect was not evident at 6 h ( Fig. 8a; p=0.12) . However, static cultures exposed to ivermectin (3 μmol/L), and subsequent application of ATPγS for 6 h, induced KLF2 ( Fig. 8a ; 2 ±0.13-fold; p=0.04). Furthermore, this effect was not apparent in the presence of P2X4 siRNA thus confirming the role of P2X4 in ATP-induced KLF2 expression (Fig. 8b) .
Y315C polymorphism in human P2X4 receptor inhibits ATPγS-induced KLF2 and its targets
Having observed the effects of ATP and shear stress on P2X4-mediated atheroprotective gene expression, we further tested Fig. 9a; 52 .5±11.7 %; p= 0.003), NOS3 ( Fig. 9b; 40.6 ± 15.2 %; p =0.04), THBD ( Fig. 9c ; 34±12.5 %; p=0.024), and KLF4 ( Fig. 9d; 66.7± 20.3 %; p = 0.015) expression when compared to cells transfected with the WT P2X4 construct. However, we did not observe a significant change in NFE2L2 (Fig. 9e; 26 (Supplementary Fig. 6 ; 24.2±2 %; p=0.003).
P2X4 regulates phosphorylation of ERK5 in HUVECs
It is well known that both KLF2 and KLF4 are regulated by ERK5 that is activated by atheroprotective shear stress [30, [52] [53] [54] [55] , and hence, we investigated the role of P2X4 in shear stress-induced ERK5 phosphorylation. siRNA knockdown of P2X4 in HUVECs resulted in a significant reduction of shear stress-induced phosphorylation of ERK5 ( Fig. 10; 43 .5± 7.6 %; p=0.007) suggesting that P2X4 plays an important role in the activation of ERK5 and regulation of KLF2 and KLF4.
Discussion
Shear stress, an important regulator of endothelial function, is created by mechanical forces acting on the surface of the endothelial cell. These forces are transmitted through mechanotransductory complexes that subsequently transduce the force-generated signals into the cellular signaling network where they will give rise to a flow-specific gene expression pattern. Earlier observations, from our group and others, have shown the P2X4 receptor to be highly expressed in the endothelial cells [16, 17, 36] . It has been previously reported that vascular endothelial cells exposed to laminar shear stress release ATP that through activation of P2X4 receptors specifically mediate flow-induced calcium influx and control of vascular tone [9, 18] . The objective of this study was to test the hypothesis that endothelial P2X4 is involved in shear stress regulation of KLF2.
We first confirmed expression of P2X4 receptors and validated our in vitro orbital shaker model of laminar shear stress, wherein we observed a decrease in P2X4 and an increase in P2Y 2 , KLF2, KLF4, NFE2L2, NOS3, and THBD. We then tested the involvement of purinergic mechanisms in this event and found that apyrase inhibited shear stress-induced KLF2, KLF4, and NOS3 transcript levels. Exposure of static cultures to ATPγS increased KLF2 in a clearly P2X4-dependent manner as demonstrated by intervention with the P2X4 antagonist PSB-12253 and with siRNA. Furthermore, both PSB-12253 and P2X4 knockdown partially inhibited the shear stressinduced KLF2. Transfection of HUVECs and HAECs with the previously described P2X4 SNP (Tyr315>Cys) resulted in the inhibition of ATP-mediated KLF2 expression. Finally, P2X4 decreased the phosphorylation of ERK5 under shear stress conditions suggesting a role for P2X4 in the wellestablished ERK5 pathway for the regulation of shear stressinduced KLF2. Our findings thus suggest that ATP contributes to the shear stress-induced KLF2 expression, a key modulator of atheroprotective phenotype in endothelial cells, in part through the P2X4 receptor.
Although the shear stress observed in vivo sometimes is higher compared to the in vitro orbital shaker model, the shear stress of 1 Pa used in this study is within the range of physiological arterial blood flow. In fact, consistent with previous studies [23, 56] , our findings demonstrate (i) shear stress to decrease P2X4 mRNA by approximately 60 %, (ii) a timedependent cell alignment in the direction of flow, and (iii) an upregulation of KLF2. The initial results showed that within 6 h, the level of P2X4 transcript was decreased and the KLF2 mRNA increased. While the increase in KLF2 protein levels reflected the increase of KLF2 transcript, the decrease in P2X4 protein was only 20 % with the remaining functional pool of receptors mediating the ATP-induced effects. The shear stress-mediated down regulation of P2X4 was first described by Korenaga et al. who mapped the stress sensitive part of the P2X4 promoter to be close to the translational start [56] . While Korenaga suggested Sp1 as the major negative regulator, Gu et al. mapped the transcription start to just beside the Sp1 consensus motif and also indicated a GATA-2 site to be the major positive regulator of P2X4 transcription [57] . It is in this context interesting to note that GATA-2 has been reported to directly repress the KLF2 gene [58] . This indicates the possible existence of a stress-mediated mutual, but bifunctional, control of KLF2 and P2X4 expression. Another possibility is that interaction of KLF2 with the Sp1 consensus site represses P2X4 transcription. This mechanism is supported by the fact that Sp1 and KLF2 belong to the Sp1/KLF2 family of ATP release, in response to mechanical stimulation by shear stress, promotes P2 receptor-mediated calcium influx and vasodilation in endothelial cells [8, 10, 11] . In this context, we show a significant reduction of shear stress-induced KLF2, KLF4, and NOS3 transcript levels in the presence of apyrase, an enzyme that rapidly hydrolyzes extracellular ATP, thus suggesting the importance of ATP in regulating these genes under shear stress conditions. While it is interesting to note that extracellular ATP regulated some of the atheroprotective genes, we did not observe a significant effect of apyrase on shear stress-stimulated NFE2L2 transcription. Since the signaling pathway responsible for shear stressmediated regulation of NFE2L2 is similar to the one of KLF2 [59] , the most likely explanation is that the level of NFE2L2 upregulation in this system is too small to allow statistical significance.
To further delineate the role of extracellular ATP and P2X4 in regulating shear stress-induced KLF2, we added ATPγS to static cultures that increased KLF2 mRNA at 3 h, which was reversed in the presence of the P2X4 receptor antagonist or after P2X4 knockdown. Furthermore, neither UTP nor 2MeSADP had any effect indicating that P2Y 2 and P2Y 1 are unlikely to participate in this process. This points to the contribution of ATP to downstream signaling events via the P2X4 receptor. In parallel, we observed shear stress-induced KLF2 transcripts to be reduced both with the antagonist and with siRNA specific for P2X4, which conforms to our observations using apyrase and demonstrates that shear stressinduced KLF2 is regulated in part by extracellular ATP activating P2X4 receptors. As the combined treatment with siRNA and antagonist was unable to further reduce KLF2 expression, we conclude that the remaining fraction is due to P2X4 independent mechanisms. One such mechanism suggested by Huddleson et al. is through shear stress-mediated chromatin remodeling leading to recruitment of the transcriptional coactivator p300/CBP (PCAF) [60] . This study in HUVECs has shown a direct link between flow-induced phosphoinositide-3-kinase activation, histone acetylation, KLF2, and eNOS transcription. Another possible mechanism is regulation of KLF2 by shear stress-induced microRNAs [61, 62] . Interestingly, we observed an effect similar to that of KLF2 in KLF4 expression with the P2X4 antagonist and siRNA suggesting that this gene is also regulated by P2X4. The fact that neither the P2Y 2 antagonist nor the siRNA inhibited shear stress-induced KLF2 expression, in spite of P2Y 2 being upregulated, further confirms the importance of P2X4 in this atheroprotective mechanism. The transient increase in KLF2 mRNA at 3 h in response to acute high levels of the non-hydrolyzable exogenous ATP is suggestive of agonist-induced receptor desensitization, leading to alterations in calcium-dependent intracellular signaling. Reports show ivermectin to allosterically modulate P2X4 receptors and increase both the potency as well as the peak amplitude of ATP generated currents [49] [50] [51] . Furthermore, Kessler et al. reported that laminar shear stress modulates P2X4 receptor in a way similar to the effect caused by ivermectin. The authors interpret these observations to be due to stabilization of the open state of P2X4 channel by reducing the desensitization and slowing the receptor deactivation. Interestingly, this is in line with our study wherein ATPγS increased KLF2 mRNA at 6 h only in the presence of ivermectin and that this effect was not evident after treatment with P2X4 siRNA. These observations further strengthen the idea that ATP-induced KLF2 expression is dependent on P2X4. We therefore speculate that shear stress modulates P2X4 receptor activity in response to extracellular ATP and that this plays a role in sensing mechanical forces.
Endothelial dysfunction is characterized by decreased arterial compliance and increased shear stress [63] resulting in hypertension and elevated cardiovascular risk. Endothelial NOS, one of the primary mediators of vascular tone, is regulated by blood flow and by mechanosensitive channels including the P2X4 receptors. This is well demonstrated in the P2X4 −/− mice, which exhibit increased blood pressure and decreased nitric oxide production. Notably, four genetic polymorphisms in the P2X4 receptor gene were recently identified in a large cohort where one of the polymorphisms, the Y315C variant (rs28360472), was found only in the heterozygous dosage. This variant displayed distinct effects on ATPinduced P2X4 receptor response [20] . The report shows that the ATP-induced currents were reduced by 40 % in macrophages from heterozygous subjects, which was confirmed in HEK-293 cotransfection experiments that mimicked the heterozygous state. Furthermore, Stokes et al. show that the inheritance of the Y315C variant correlated with increased pulse pressure suggestive of reduced large arterial compliance and dysfunctional vasodilation. In our study, HUVECs transfected with the Y315C mutant P2X4 construct inhibited ATP-induced KLF2 and KLF4 as well as the target genes that regulate vascular tone (NOS3) and thrombosis (THBD). Similarly, aortic endothelial cells (HAECs) transfected with the Y315C mutant also inhibited ATP-induced KLF2. Taken together, these results indicate the importance of P2X4 receptors n o t o n l y i n r e g u l a t i n g s h e a r s t r e s s -m e d i a t e d mechanotransduction but also in atheroprotective gene expression.
Using our in vitro model of laminar shear stress, we show that P2X4 in part regulates ERK5. These results are well in line with previous reports that demonstrate the stress-induced regulation of KLF2 and KLF4 to be primarily channeled through the MEKK2/3/MEK5/ERK5/MEF2 pathway [30, [52] [53] [54] [55] 59 ]. Activation of MEKK2/3 is, besides shear stress, dependent on calcium influx [64] , which is one of the primary ) conditions. Graph depict fold difference in shear stress-induced phosphorylated ERK5 (Thr218/Tyr220) normalized to total ERK5, which is dependent on P2X4 with a representative immunoblot showing levels of phosphorylated ERK5 and total ERK5. Fold difference is relative to cells transfected with the negative control siRNA. N=6 experiments in replicates; *p≤0.05 intracellular responses to P2X4 activation, and hence, it is probably the most likely entry point for P2X4 signaling. In conclusion, we provide, to our knowledge, the first evidence for ATP-regulated expression of both KLF2 and KLF4 via P2X4 receptors. Our findings contribute to the knowledge of extracellular nucleotides and P2 receptors in mediating mechanosensitive signaling in endothelial cells that govern vascular homeostasis. For instance, it is well established that shear stress is primary to exercise-induced vascular adaptation and is critical not only in ameliorating endothelial dysfunction and cardiovascular disease but also in enhancing arteriogenesis [65] [66] [67] . Taken together, our results indicate a role for P2X4 in mediating ATP-and shear stress-induced atheroprotective gene expression thereby regulating endothelial function. 
